Lecture 1 Introduction 2
This lecture course will be materials oriented
We look at various model compounds, their structure, properties, and behavior. As a general group of compounds, we focus on transition metal oxides Oxides:
• very wide group of compounds
• various crystal structures
• many interesting properties
• very actively studied
• many open solid state physics questions 3 Topics:
Introduction to oxides
• Chemical aspects (oxidation states, thermodynamic stability)
• Structures (binaries, perovskites, spinels, etc.)
• Classification of oxides and some of the more interesting properties 
Transition metals
The transition elements are shown in Green
The d orbitals of are progressively filled as we move from left to right. We shall mostly look at the 3d elements (Ti...Cu), but also the 4d and 5d elements. 7
Lattice structures of bronzes
The name 'bronze' points to apparent similarity of Na x WO 3 to metallic bronze. Cox92, p.8 The tungsten bronzes appear to show real nonstoichiometry, i.e. the Li, Na, etc. float in the WO 3 lattice. In other similar cases, however, it is more accurate to speak of distinct line phases, such as K 0.30 MoO 3 and K 0.33 MoO 3 . These two have different structures and different electronic properties.
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The only stable x = 0 compound of similar structure is ReO 3 , a metallic binary oxide. This lattice can be viewed in several ways:
Re-based A cubic Re array with oxygens in the middle of each 'bond' O-based cubic array of oxygen octahedra with Re in the center of each octahedron Figure removed due to copyright restrictions YBCO is tetragonal above 700 • C and orthorhombic below 700 • C. In the tetragonal phase, the oxygen sites are occupied randomly and the crystal is a semiconductor. In the orthorhombic phase, the oxygens are ordered in chains along the b axis. We will come back to these issues at a later time when discussing superconductors in greater detail. Poole95, p.185 For now, look at a composition like YBa 
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Figure removed due to copyright restrictions Cox92, p.12 Oxidation states and electron configurations in the 3d, 4d, and 5d series. Each diagonal line corresponds to a d n series.
• B Well-known binary oxides exist • T Only found in ternaries • (B)(T) Poorly characterized phases Remarkably, there are no known oxides with 4d 7 , 4d 9 , 5d 7 or 5d 9 configurations, setting apart the platinum-group elements Ru, Rh, Pd, Os, Ir, and Pt. The highest (or lowest) states may be unstable. In BaFeO 4 , for example, not all Fe is in 6+ state due to commonly occurring oxygen deficiency. The highest oxidation states are always found in the middle of each series. Fe is most commonly found in 2+ or 3+ states. This means that the first to go are the 4s and then the 3d electrons.
A sensitive way of detecting (local) valence state changes is to probe the existence or loss of s electrons. This can be done by looking at how the electronic shell interacts with the nucleus of the atom.
This brings us to a brief detour to Mössbauer spectroscopy and chemical shifts.
Interaction between the nucleus and the electron shell
A Hamiltonian for an atom can be written as
where H holds all the terms that do not involve hyperfine interactions, E 0 is the electric monopole or Coulomb interaction, M 1 is the magnetic dipole interaction and E 2 is the electric quadrupole interaction. Other higher terms usually don't matter.
The Coulomb interaction causes a slight shift in the energy levels. The magnitude of the shift depends on the electronic configuration of an ataom and is therefore different in different compounds. That is where the name chemical shift comes from. Also known as isomer shift. Mössbauer spectroscopy can measure the nuclear energy level shifts with very high precision (neV).
The shift of the excited state energy depends on the electronic density at the nucleus:
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The wavefunction of an electron:
Figure removed due to copyright restrictions s electrons have a nonzero probability of being located at the nucleus. Sensitivity to the chemical environment therefore is mediated by outer (or inner) s orbitals. This example is for Eu 3 S 4 . Similar effects can be seen for Fe in Fe 3 O 4 , for example. At low temperature hopping is slower than the characteristic time of the Mössbauer transition (9.7 ns). Two peaks are seen, corresponding to the Eu 2+ and Eu 3+ states. At higher temperature the hopping becomes faster than the Mössbauer probe, which sees only an average peak position, giving a 'fractional' valence for Eu.
In conclusion, oxidation states present a useful language for rough characterization of materials. Valence states should not be taken too seriously, however. Crystals are not purely ionic and charge cannot usually be divided as integers between ions.
Greenwood71

Thermodynamic stability of oxides
The stability of a compound depends on the Gibbs free-energy change
where we have enthalpy H, temperature T , and entropy S. We look at formation and decomposition reactions, such as decomposition of MO m to MO m−n , i.e. loss of oxygen:
Enthalpy doesn't change much in such a reaction, mostly we are interested in the entropy change (production of oxygen gas). Entropy is a function of the oxygen pressure
where R is the gas constant 8.31 J Kmol . The Gibbs free-energy change is thus
This reaction can only proceed if ∆G < 0, i.e. the oxygen pressure must be below a value p d This simply means that an oxide decomposes to another form or pure metal if the oxygen pressure is low enough. This pressure also depends on temperature, i.e. decomposition occurs at a fixed oxygen pressure if the temperature is high enough. Very low oxygen pressures can be achieved by mixing CO and CO 2 gases due to the gas phase equilibrium reaction
Another choice is a mixture of H 2 and H 2 O in the reaction
Ellingham diagrams give a rough idea of which oxidation state to expect. Oxides are often nonstoichiometric, however. We therefore also need more detailed phase diagrams. . These tend to spread out at high temperature. This figure also illustrates the phase rule:
P: number of phases, including gas, C: number of components, equals 2 in a binary oxide, F: number of degrees of freedom (temperature, pressure, etc.) Cox92, p.13 24
Crystal structure of oxides
Oxides are largely ionic crystals. The nearest neighbor of a metal is always oxygen. The crystal structure and stability of a phase depends on this bonding. Specifically we are interested in bond lengths, coordination number, and geometry. Bond length is often compared to ionic radius.
Figure removed due to copyright restrictions Cox92, p.16 General rules:
1. Ionic radius decreases as electrons are removed 2. Ions with larger mass are smaller due to increased nuclear charge 3. 3d elements are smaller than 4d and 5d. The planar coordination (b) is a highly distorted case of the tetrahedral coordination (in terms of ionic radii), found in PdO. rhenium trioxide ReO 3 structure. Quite unusual, but parent of the perovskite structure.
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It is often easier to think in terms of oxygen octahedra. Look at the ReO 3 structure again: Octahedra can be corner, edge-, or face-sharing. Rock-salt is edge-sharing, ReO 3 is cornersharing, corundum is face-sharing. Rutile is a mixture of corner-and face-sharing octahedra.
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More complex ternary structures:
Figure removed due to copyright restrictions (a) is the perovskite structure AMO 3 , like SrTiO 3 (b) is a layered perovskite, the K 2 NiF 4 structure (c) is a spinel, AB 2 O 4 , having both octahedra and tetrahedra.
In perovskites the center metal has 12 oxygen neighbors and thus has to be a large ion, typically a pretransition metal ion, like K ( Monoclinic form of WO 3 . Note the rotated octahedra, forming diamond-shaped tunnels. This type of distortion is very common in ruthenates and even titanates at low temperature. 
Mercury in the form of HgO 2 in a square-planar configuration serves as a separator between the octahedral layers. The highest T c does not always appear in a 'pure' phase, e.g. the n = 1 phase with a T c =96K is Hg 1−x Ba 2 Cu 1+x O 4−δ . The extra oxygen goes into the mercury layers with δ ≈ 0.1.
Classification of oxides
Oxides exhibit a very wide range of different characteristics. Classification is therefore somewhat arbitrary, and materials may belong into several classes.
d 0 insulators:
• Usually stoichiometric oxides with a d 0 electronic configuration (such as SrTiO 3 , containing Ti 4+ ).
• Band gaps are relatively large, e.g. 3.2 eV for SrTiO 3 , over 5 ev in Zr and Hf oxides (CaHfO 3 , CaZrO 3 ).
• Optically transparent below the band gap energy • diamagnetic (no unpaired electrons)
• the filled levels are mostly oxygen 2p, the transition metal 3d levels are empty Figure removed due to copyright restrictions A completely filled shell is just as good as a completely empty shell, i.e. we get an insulator because there are no electrons that could be easily delocalized.
Partially-filled shells usually result in partially-filled bands and thus also metallic conductivity. 
